We show that the cytotoxic effect of carbon nanotubes (CNTs) on bacteria is mediated by mechanical damage to the cell wall and membrane. Two β-galactosidase-producing strains of Escherichia coli harboringgenomically integrated reporter gene constructs, namely pchbB:lacZ and prpoS:lacZ, were used for the purpose. We first verified that CNTs result in an inhibition of cell growth. Enzyme activity was determined using a reporter gene assay in which CNTs were used without the lysis buffer (containing detergent). β-galactosidase activity in the presence of CNTs alone measured several fold more than the controls used (without nanotubes). This suggests that CNTs damage the cell membrane in a manner similar to the detergent in the lysis buffer and render E. coli cell walls porous, causing cell contents including enzymes to leak out into the medium. Our results support the hypothesis that mechanical damage to bacterial cell membranes is the prevailing cause of CNT-cytotoxicity.
Introduction
The possible use of single-and multi-walled carbon nanotubes (CNTs) in bulk has raised questions regarding the likely biological outcomes of such use, whether beneficial (control of pathogens or diseased cells, effluent treatment) [1, 2] or harmful (damage to healthy tissues and organs of plants and animals including humans, soil contamination) [3] [4] [5] [6] . The broader issue of CNTs having an adverse effect on the environment remains fully to be addressed. This will become important if CNTs are mass produced (whether for medicinal or for other purposes) and become airborne. Therefore, exploring and understanding the mechanism of CNT cytotoxicity is critical. The mechanisms leading to the anti-bacterial activity of CNTs, which may differ between cell types and also between organs and tissues in human or animal models, need fully to be understood.
Carbon nanotube toxicity to a variety of human and other animal cell lines has been reported and reviewed [7] [8] [9] . More recently CNT toxicity studies have been carried out on microorganisms, especially Escherichia coli [10, 11] and the physico-chemical determinants of carbon nanotube toxicity have been discussed at length [8, 12] . The results demonstrate a definite toxic effect of CNTs in all these studies [10] [11] [12] . It has been suggested that the cytotoxic effect of CNTs on bacterial cells could have medicinal value by virtue of being bactericidal [13] [14] [15] [16] .
The generation of reactive oxygen species (ROS) and oxidative stress have been discussed as likely routes for CNT toxicity [6, [17] [18] [19] . Physical membrane damage leading to the rupture of bacterial cells has also been invoked [10, 11] . The present work attempts to test this hypothesis in a novel manner. Our approach involves the measurement of extracellular enzyme activity in a medium in which β-galactosidase producing E. coli strains are suspended. β-galactosidase is an enzyme that catalyses the hydrolysis of β-galactoside sugars including lactose and the galactoside analogue o-nitrophenyl-β-Dgalactopyranoside (ONPG). Normally the enzyme is produced and acts inside the cell. For it to act on an extracellular substrate, cells must be lysed (e.g., using a detergent, freezing and thawing, or by some other means) so as to enable the enzyme to emerge into the extracellular medium. We have made use of this principle to study extracellular hydrolysis when cells are incubated with
Materials and Methods
Unless stated otherwise, all chemicals were purchased from HiMedia, India or Difco, USA and are of analytical grade.
Carbon Nanotubes (CNTs)
Carbon nanotubes (CNTs) that were either single-walled (SWNT, diameter size 1 -2 nm) or multi-walled (MW-NT-1 and MWNT-2, diameter sizes < 10 nm and 10 -30 nm respectively) were used (see Figure 1 ; all three types were purchased from Shenzhen Nanotechnologies Co. Ltd., China). CNTs suspensions in saline or in bacterial growth media were sterilised by autoclaving and sonicated for 2 hr using a bath sonicator. The suspensions were further sonicated for 20 min immediately before use. CNTs suspensions were handled in a laminar flow hood to ensure sterile conditions.
Cells
E. coli bacteria (strain K12) containing lacZ reporter constructs were used in all experiments. Cells were grown in "lysogeny broth" medium [20] at 37˚C and harvested at mid-exponential growth phase. We studied the effect of exposing 1 × 10 7 cells/ml in a well-aerated shaken suspension to CNTs for 1 h at 37˚C by dispersing CNTs as purchased, either in saline solution (0.9% or 0.154 M NaCl) or in culture media at two concentrations (10 and 25 μg/ml). The duration of 1 hr was determined based on time series experiments that were conducted by incubating cells for 15 min, 1 hr, 5 hr and overnight (12 hr) in order to determine the duration required to obtain a 50% loss of viability. We mixed washed bacterial cells with 10 or 25 μg of CNTs in suspension and placed the mixture in culture wells along with controls. This was followed by incubation for 1 hr in a shaker, harvesting the cells, diluting them and plating them on nutrient plates for taking viable counts. Colonies were counted after overnight incubation and compared with controls in the absence of CNTs. Duplicate samples were analysed and experiments were repeated twice.
Enzyme Assay
We carried out β-galactosidase activity measurements on two strains of E. coli harbouring the reporter gene constructs pchbB:lacZ (chb-lacZ is a derivative of JM101, where LacZ is driven by the chb promoter and is integrated on the chromosome at att site; [21] or prpoS:lacZ) rpoS-lacZ is derived from NC122 where LacZ is driven by the rpoS promoter and integrated in the genome [22] . β-galactosidase inside the cell cleaves lactose to glucose and galactose, both of which serve as carbon (energy) sources. The synthetic compound o-nitrophenyl-β-D-galactoside (ONPG) is also recognized as a substrate and cleaved to yield galactose and o-nitrophenol which has a yellow color that can be monitored at 420 nm. When the concentration of the substrate ONPG is in significant excess over that of β-galactosidase, the rate of production of o-nitrophenol is proportional to the concentration of the enzyme. Thus the appearance of yellow color can be used to determine the enzyme activity that escapes cells after lysis (data not shown) or after CNT treatment. Cells (reporter strains pchbB:lacZ and prpoS:lacZ) were grown in minimal medium till they reached an OD of 0.6. They were then harvested by spinning down for 2 mins at 10,000 g and resuspending in 1 ml. 100 μl of the suspension was incubated with nanotubes (25 μg) for 1 hr in a 96 well microtitre plate kept shaking in a gyrorotary shaker at 250 rpm. A set with no nanotubes was treated as the control. Cells were pelleted and resuspended in 800 μl of Z buffer (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1 mM MgSO 4 , pH 7.0) followed by lysis, which was induced by adding 10 μl of 1% sodium dodecyl sulphate (SDS) detergent and 20 μl chloroform for. The last step was circumvented for cells that were incubated with CNTs. The mixture was vortexed for 10 seconds for efficient lysis. The β-galactosidasereaction was initiated by adding 200 μl of ONPG (4 mg/ml freshly made in Z buffer). Tubes were incubated at 28˚C till colour develops and the reaction was stopped by adding 500 μl of 1 M sodium carbonate. Enzyme activity 
We performed two sets of experiments as follows. In the first set, a 100 µl suspension of cells carrying the pchbB:lacZ reporter construct was incubated with CNTs (25 μg) for 1 hr. Thereafter ONPG was added followed by incubation at 28˚C for 75 minutes during which colour developed. Cells with no CNTs were used as controls. An identical set of experiment was conducted using E. coli carrying the prpoS:lacZ reporter construct.
Results
In order to pick suitable conditions for further experimentation, we carried out preliminary studies on the antibacterial activity of single-walled nanotubes (SWNTs) and two different sizes of multi-walled nanotubes (MWNTs) CNT cytotoxicity to E. coli cells depended on the type of CNTs used, their size and dose (Figure 2) .
SWNTs exhibited stronger antibacterial activity than MWNTs (see Figure 2 legend for details) and the magnitude of cytotoxicity varied for two different sizes of MWNTs (Figure 2 ). These observations support the findings that CNT size (diameter) plays an important role in the inactivation of E. coli K12 bacteria [11] . Studies have also indicated that CNT size and surface area are important characteristics from a toxicological point of view [24, 25] . A plausible reason for this is that as the size of CNTs decreases, their specific surface area increases, leading to an increased opportunity for interaction and uptake by living cells. The results shown in Figure 2 are the results of exposing bacterial cells to CNTs for one hour. To test whether an exposure of the order of one hour is required for the bactericidal effect of CNTs, we decided to expose cells for durations ranging from 15 min to overnight (12 hr). Since a CNT concentration of 25 μg/ml and saline suspension conditions yielded a pronounced cytotoxic effect, we retained those conditions. The extended timeseries experiments showed that there was a size-dependent loss of viability with time (Figure 3) . The loss of viability was higher in the presence of smaller SWNTs as compared to larger MWNTs. This finding is in line with studies showing that SWNTs exhibit significant cytotoxicity to human and animal cells whereas MWNTs exhibit a milder toxicity [3] [4] [5] . A one-hour exposure was sufficient to cause nearly 50% loss of viability by all types of CNTs used (Figure 3) .
Using the same conditions, we carried out β-galactosidase assays and quantified enzyme activity in the extracellular medium. The graph shown in Figure 4 indicates the trend in enzyme activity measured in terms of Miller Units.
Exposure to nanotubes significantly increased the enzyme activity with respect to the control. SWNTs led to a higher change in enzyme activity as compared to MWNTs (Figure 4 ).
Discussion
There is a significant increase in extracellular enzyme activity measured after incubation with CNTs alonethat is, in the absence of detergent-induced lysis ( Figure  4) . This implies that CNT incubation must have led to a release of active enzyme protein from the bacteria. The efficacy of the CNTs is correlated to their size (diameter), with SWNTs causing the highest loss in viability (also change in enzyme activity) followed by MWNT-1 and lowest by MWNT-2, a trend that is attributable to a decrease in surface-to-volume ratio from SWNTs to MWNT-2. SWNT caused about 1.2 fold increase in cell lysis over MWNT-1 and 2.5 fold increase over MWNT-2. The enzyme activity measured in strain prpoS:lacZ was much higher than in strain pchbB:lacZ, which is almost certainly due to the different strength of the two promoters (the rpoS promoter being stronger than the chbB promoter); [26, 27] .
Kang S. and colleagues have found that single-walled CNTs (SWNTs) can pierce bacterial cell walls [10, 11] . Specifically, by using highly purified SWNTs with a narrow diameter distribution, they demonstrated through SEM imaging that direct contact with SWNTs can cause severe morphological changes of cell walls and DNA microarray data suggested cell membrane damage validating the cytotoxicity assay showing a loss of viability up to 80% in E. coli bacteria [10] [11] [12] . They hypothesized that SWNT aggregates caused irrecoverable damage to E. coli by physical damage to the outer membrane of the cells that led to the release of intracellular content. The induction of oxidative stress may be yet another factor behind SWNT antibacterial activity [28] . Our work provides additional evidence in favour of the hypothesis that physical damage to bacterial cells is an important cause of CNT toxicity. We have worked with CNTs that are in suspension and presumably mobile; under conditions of deposition (when CNTs are not in suspension rather are settled on the substrate in static condition) or when CNT composites (when CNTs are used in combination of another materials, CNTs are not suspended but are static in such cases as well) are used, the outcomes are equivocal: most studies show no cytotoxicity (reviewed in [9] ).
